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ABSTRACT. We report multiperiodicity in five small-amplitudepulsatingred giants: RZ Ari, V523 Mon,
BC CMi, UX Lyn, andFS Com. For eachof thesestars,two or threeperiodsrecurin eachseasonof our 5000
daydatabaseof V observations.Theperiodsandtheir ratiosare consistentwith low-orderradialpulsationmodes.
The amplitudesof the modeschangesignificantly on timescalesof 1–5 yr; specifically, the amplitudesof the
dominantperiodsvary on timescalesof 2000–3500 days.Most often, the amplitudesof the modesin a given
star rise andfall in unison.

1. INTRODUCTION

GiantscoolerthanK5 III arealmostall variablein brightness
(Eyer& Grenon1997;Grenon1993;Henry et al. 2000;Jorissen
et al. 1997).K5–M9 giantsmakeup about10% of the starsin
theBrightStarCatalogue.Generally, thecoolerthestar, thelarger
theV amplitudeandthe longertheperiod.Thecooleststarsare
the relatively rare large-amplitude,long-periodMira stars.The
present paper deals with the much more numeroussmall-
amplitudepulsatingred giants(SAPRGs).ThesestarshaveV
amplitudesof 0.05–1 magor more.Thedominantperiodsof the
SAPRGsareconsistentwith low-orderradial pulsationmodes,
accordingto thesmallsamplestudiedby Percy& Parkes(1998),
who comparedobserved Q-valueswith theoreticalones.The
Q-value,or pulsationconstant,is the period in daystimes the
root of the meandensityin solarunits. Percy& Bakos(2003)
recently analyzeda sampleof 76 SAPRGsusing the same
method.They found that about30% of the starspulsatein the
fundamental(F) mode,about50% in the first overtone(1H),
about10% in the secondovertone(2H), and about5% in the
third overtone(3H). The very high overtoneperiodsin a small
numberof SAPRGsin theHipparcos Catalogue(Koen& Laney
2000)arealmost certainlyspurious(Percy& Hosick 2002).

Many SAPRGsdo, however, havelong secondary periods.
About a third of thestarsin thePercy& Bakos(2003)sample
have such periods; the median ratio of the long secondary
period to the dominantradial period is about10. Largeram-
plitude semiregularvariablesalsodisplay long secondary pe-
riods (Houk 1963; Kiss et al. 1999),also about10 times the
dominantradial pulsationperiod.

Starsthatarepulsatingin two or moremodes—multiperiodic
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pulsators—provideinformationaboutthemodesandalsoabout
thephysicalpropertiesof thestars(Jorgensen& Petersen1967).
Multiperiodicity is observedin awidevarietyof pulsatingstars,
includingCepheidsandRRLyraestars.Kisset al. (1999),using
visual data, have reportedmultiperiodicity in severaldozen
largeramplitudesemiregularvariables.Wood(2000)hasstud-
ied pulsatingred giantsin the LMC andhasidentifiedseveral
sequencesin theK magnitude–log (period)diagram,andthese
canbe interpretedas starspulsatingin different radialmodes.

Percy, Wilson, & Henry (2001, hereafterPWH) have re-
cently published5000 day light curves and periodsof about
three dozenSAPRGs.The 200 day light curves of someof
theseSAPRGsshowevidenceof possiblemultiperiodicity. We
analyzedfive of thesestars—RZAri, V523 Mon, BC CMi,
UX Lyn, and FS Com—thatappearedto haveperiodsof 50
daysor less.We choseshorterperiod variablesso we could
determine reliableperiodsfrom individual seasonsof data.

2. METHOD

Webeganby computingpowerspectraof thefirst andsecond
halvesof the5000dayV datasetsof PWH, usingtheFourier/
CLEAN programTS (Foster1995),which is availableon the
Web site of the American Associationof Variable Star Ob-
servers (AAVSO), to seewhethertherewereperiodsthat oc-
curred in both halves of the data set. Indeed, there were
(§ 3). We notedthe presence(asexpected)of aliaspeaks,due
to the seasonalgapsin the data.

We then analyzedindividual seasonsof dataon eachstar,
noting the two or threemost prominentpeaks.Thesepower
spectrawould not beaffectedby aliasing.Thefirst third of the
datais sparserthan the last two-thirds,andtherewasonein-
terval in which the telescopewasclosedfor repairsfor about
250 days.We checked,using simulations,to makesurethat
using200 day seasonaldatasetswould not havea systematic
effect on our perioddeterminations.

Foreachstarit wasobserved,usingpower-periodplots(Figs.
1–5) and stem-and-leafplot analysis(Tukey 1972), that two
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Fig. 1.—Power-period plot for the dominantperiodsin the power spectra
of eachseasonof datafor RZ Ari.

Fig. 3.—SameasFig. 1, but for BC CMi.

Fig. 2.—SameasFig. 1, but for V523 Mon. Fig. 4.—SameasFig. 1, but for UX Lyn.

or threeperiodsrecurredeachseason.(Thestem-and-leafplot
providesslightly more information than a histogram.It was
inventedby John Tukey; in it, microdatareplacethe infor-
mation-emptybarsof a traditional histogram.Tukey [quoted
in Tufte 1990]states,“If we are going to makea mark,it may
as well be a meaningfulone. The simplest—andmost use-
ful—meaningfulmark is a digit.”) Theaveragevaluesof these
periodsweredeterminedfor eachstar. Theseperiods,andtheir
ratios, were comparedwith theoreticalvalues(Fox & Wood
1982;Ostlie & Cox 1986;Xiong, Deng,& Cheng1998),and
theyareconsistentwith low-orderradialpulsationmodes;these
periodscould be usedto determineQ-values,andhencepul-
sationmodes,asdescribedin the previoussection.

Having discoveredevidencefor multiperiodicity in these
stars,we then askedthe question:How do the amplitudesof
the modesvary with time? Are the amplitudesconstant?Do
they rise and fall in unison?Do they exchangeenergysuch

that the total pulsationenergyis constantwith time?Or is the
situationmorecomplex?

For eachof the five stars,the seasonallight curves were
fitted usingthe two or threeperiodsdeterminedabove,using
the Period98program(Sperl1998)availableon theWeb site
of the University of Vienna.The amplitudesof eachperiod
for each seasonwere determinedand plotted againsttime
(Figs. 6–10). Recall that the data for the first two or three
seasonsareslightly sparserthanthe rest.

The fits of theseperiodsto the datawerenot perfect; there
wereresidualsof up to a few hundredthsof a magnitude.This
is not unexpected.Our resultsshowedthat theamplitudesvar-
ied significantly from year to year—occasionallyfrom their
minimumto their maximumvalue—soit is to beexpectedthat
they will vary during eachseason.The fits assumeconstant
amplitudes.As notedin § 3, thereare alsootherprocessesthat
could contributeto the variability.
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Fig. 5.—SameasFig. 1, but for FS Com.
Fig. 7.—SameasFig. 6, but for V523 Mon.

Fig. 6.—Time variationof the seasonalamplitudeof eachof the dominant
periodsfor RZ Ari. Fig. 8.—SameasFig. 6, but for BC CMi.

3. RESULTS

Figures1–5 show the power and periodsof the principal
modes,as seenin the different seasons.The HWHM of the
peakswastypically 3%–5%. Clustersof recurringperiodscan
beseen.In orderof decreasingamplitude,theyareas follows:
for RZ Ari, 56 and 37 days; for V523 Mon, 34, 47, and 27
days(thelattertwo approximatelyequalin averageamplitude);
for BC CMi, 27,20,and42 days;for UX Lyn, 36 and51days,
with a possibleshorterperiod around 27 days; for FS Com,
54 and37 days,with a possibleshorterperiodaround25 days.
The longestperiod is not alwaysthe dominantone.

The periodsof the dominantmodeswere also determined
independentlyusing the least-squaresprogramPeriod98,and
similar periodsandclusteringwerefound.In oneor two cases,

the least-squaresprogram,when appliedto a seasonof data,
would choosea periodof 150 daysor longer to representthe
longerterm trendsin thedata.However, sincetheseasonaldata
setswereonly 150–200dayslong, theselongertimescalesare
not “periods.”

The resultsaresummarizedbelowandin Table1. Thetem-
peratures,radii, Q-values,and modeidentificationsare taken
from Percy& Bakos(2003).In Table1, is themeanseasonalPs

period, is the meanperiodfrom the two halvesof the data,Ph

the rank is on the basisof the meanamplitudeof the modes,
themodeis determinedfrom theQ-valueandtheperiodratio,
andRobs andRmodel aretheobservedperiodratiosandtherange
of possible ratios from different theoretical models,
respectively.

RZ Ari.—Q-values0.028 (2H) and 0.042 (1H); the period
ratio favorsF and1H, but thedisagreementcanbeavoidedby
adjustingthe mass.
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Fig. 9.—SameasFig. 6, but for UX Lyn. Fig. 10.—SameasFig. 6, but for FS Com.

TABLE 1
Properties and Periods of Program Stars

Star Te R/R, Ps Ph Rank Mode Robs Rmodel

RZ Ari . . . . . . . . . . 3305 145 37 37.7 2 2H … …
56 56.5 1 1H 1.50–51 1.42–51

V523 Mon . . . . . . 3439 110 27 26.0 2 3H … …
34 34.1 1 2H 1.26–30 1.30:
47 45.6 2 1H 1.35–38 1.42–50

BC CMi . . . . . . . . 3495 71 20 20: 2 2H … …
27 28: 1 1H 1.35–38 1.38–49
42 45: 3 F 1.56–60 1.58–67

UX Lyn . . . . . . . . . 3328 133 36 37.2 1 2H … …
51 51.3 2 1H 1.38–42 1.42–51

FS Com . . . . . . . . . 3418 136 37 38.2 2 2H … …
54 55.4 1 1H 1.45–46 1.40–51

V523 Mon.—Q-values0.029 (3H), 0.037 (2H), and 0.051
(1H); the periodratiosare consistentwith thesemodes.

BC CMi.—Q-values0.033(2H), 0.045(1H), and0.069(F);
the period ratios areconsistentwith thesemodes.The power
spectraof thefirst andsecondhalvesof thedatasetsufferfrom
severealiasing, but thereare groupsof peaksaround19–21,
26–30, and40–50 days.

UX Lyn.—Q-values0.029(2H) and0.041(1H); the period
ratio is consistentwith thesemodes.Thelongerperiodisweak
in the first half of the dataset.Theremay be a weak period
of about29 daysin both halves.

FS Com.—Q-values0.031(2H) and0.045(1H); theperiodratio
is consistentwith thesemodes.The 37–38 day periodis strongly
aliasedin thepowerspectraof thetwo halvesof thedataset.

The amplitudesdefinitely changesignificantly from season
to season.Sometimes,theychangefrom a high to a low value
in consecutiveseasons;seethe first threeseasonsof RZ Ari,
for instance.At other times, it appearsthat they rise or fall
consistentlyover 3–5 yr. The timescalesassociatedwith the
rise and fall of the amplitudeof the dominant periods(given
in parentheses)arefor RZ Ari (56 days),3500days;for V523
Mon (34 days),3500days;for BC CMi (27 days),3000days;
for UX Lyn (36 days),2500days;for FS Com(54 days),3500
days. The limited length of our data set (about 5000 days)
preventsusfrom knowingwhetherthesetimescalespersistwith
time. In four of the five stars,there are one or two epochs
when all of the modes have lower amplitude: BC CMi,
JD 2,449,400;V523 Mon, JD 2,447,000and 2,450,000;UX
Lyn, JD 2,448,600;FS Com,JD 2,447,200.In thesestars,the
amplitudesof the different modesfell in unisonbeforethese
datesand rosein unisonafter. From a purely statisticalpoint
of view, however, therewerealmost asmanyinstancesof the
amplitudesof the different modeschangingin the opposite
sensefrom one seasonto the next as therewerechangingin
thesamesense.Many of theseinstances,however, wereduring
the first seasonswhenthe dataweresparse.

4. DISCUSSION

We havedetectedtwo or threerecurringperiodsin eachof
thefive SAPRGs.The reality of theseperiodsis demonstrated
by (1) their recurrencein almost every seasonand (2) their
presencein thepowerspectraof boththefirst andsecondhalves
of the dataset.We interprettheseperiodsaslow-orderradial
pulsationmodes,on the basisof both their Q-valuesandtheir
periodratios.

For four of the five stars,the period ratioswereconsistent
with modeidentificationsdeterminedfrom Q-values,assuming
massesof 1.4 timessolar. The Q-value,however, is sensitive
to themass.Thefact thatthemodeidentificationsdonotagree
for one star, RZ Ari, could be explainedby the choice of
assumedmass.Dumm& Schild(1998)havepresentedamass-
radiusrelationshipfor thesestars,althoughthereis no a priori
reasonwhy every star shouldconform to this relation.

We mustkeepin mind that the two-periodand three-period
fits still left significantresiduals.As mentionedabove,thismust
certainly be partly due to changesin the amplitudesduring
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individual seasons.One possibleapproachwould be to usea
period-determinationmethodthatcouldcopewith suchchanges;
we havemadepreliminary investigationsof the useof wavelet
analysisfor thesestars(Percy& Kastrukoff 2001;J. R. Percy
& E. Redelmeier2003,in preparation).Alternatively, theresid-
ualsmay be dueto additionallower amplitudemodesor other
sourcesof irregularvariability suchasconvection.If thereare
largeconvectioncells in the outerlayersof thestars,thenthey
may producebrightnessvariationson the convectiveturnover
time. They may also producerotationalvariationsif different
hemispheresof the stars have different averagebrightnesses.
They may also producedeviationsfrom radial symmetry that
will perturbthe radial modes.Residualscouldalso occurif the
oscillationswerenonsinusoidal.We lookedfor harmonicpeaks
in thepowerspectra,but therewerenoneabovethenoiselevel.
Also, themonoperiodicvariablesshownin Figures1–7 of PWH
havelight curvesthat appearto be sinusoidal.

Lebzelter(1999)andLebzelter, Kiss, & Hinkle (2000)have
raisedthe sameissuein connectionwith radial velocity ob-
servationsof semiregularvariables,but recentmeasurements
(Lebzelter& Hinkle 2002)showthatwhile theremaybesome
deviationfrom regularlight variability dueto convectivecells,
the main causeis most likely stellar pulsation.

Anothercaveatis thatour resultsdependslightly onwhether
we fit eachseasonof datawith the meanperiodsgivenabove
or with the periodsthat wereactuallydeterminedfor thatsea-
son. We have assumedthat each star has permanentradial
pulsationperiodsand that the meanperiodsare the bestap-
proximationto these.

The amplitudesof the dominantradial modescan change
from seasonto season,and they havea tendencyto rise and
fall on a timescaleof 2500–3500days.This timescaleis much
longerthanthe“ longsecondary periods”of brightnessvariation

that occur in someof thesestars.RZ Ari, V523 Mon, and
BC CMi do not haveknown long secondary periods;the long
secondary periodsof UX Lyn and FS Com are 420 and 675
days,respectively. The growth ratesh (the fractionalincrease
in amplitudeper cycle) for modelsappropriatefor our five
SAPRGsarein therange0.03–0.15(Fox& Wood1982;Ostlie
& Cox 1986),so the timescalesareconsistentwith thenatural
growth (or decay)timesfor the modes.

As usual,our resultswould be firmer if we hadlongerdata
seton morestars.It would also helpto havetheoreticalmodels
that aremorespecificallydesignedfor thesestars,ratherthan
for Mira stars.

5. CONCLUSIONS

At least five small-amplitudepulsating red giants show
strongevidenceof multiperiodicity. The periods,andtheir ra-
tios, are consistentwith low-order radial pulsation.The am-
plitudes of the dominant modes vary on timescalesof
2500–3500 days.In a given star, there is sometendencyfor
the amplitudesof the two or threemodesto rise and fall in
unison.
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